We hypothesized that local contact forces between the pericardium and the heart cause regional variation in pericardial deformation during the cardiac cycle, reflecting volume changes of the underlying cardiac chambers. To test this, we measured regional pericardial area over the right atrium (RA) and right ventricle (RV) with orthogonal pairs of sonomicrometers in six open-chest dogs. At a left ventricular end-diastolic pressure of 5 mm Hg, RV pericardial area paralleled RV volume, that is, shrinkage during ejection by 10±8% and expansion during filling. RA pericardial area was reciprocally related to RV pericardial area, with average expansion during ventricular ejection of 2±2%, thus paralleling RA volume during RV ejection. With volume loading, RV pericardial shrinkage during ejection increased to 14±6%, but the RA pericardial area change was no longer reciprocal (0±3% change during RV ejection). Elimination of contact forces by cardiac tamponade resulted in both marked attenuation of RV pericardial area changes and synchronization of the RV and RA pericardial area pattern; that is, both shrank during RV ejection. In two additional dogs, measurement of pericardial area over left ventricle and atrium showed similar results. We conclude that dynamic pericardial contact forces cause regional variation in pericardial deformation, which reflects volume changes of the underlying chambers. These findings imply that the influence of the pericardium on filling and ejection may be more complex than previously recognized, varying both by chamber and dynamically over the course of the cardiac cycle. (Circulation Research 1990;67:1107-1114 T he pericardium prevents excessive cardiac dilatation and accentuates diastolic ventricular coupling."2 This restraining function of the pericardium has been assessed by measuring pericardial surface pressure at a single site adjacent to a cardiac chamber.3-5 However, recent studies have shown that pericardial surface pressure measured with a flat balloon varies over different parts of the heart.6'7 This finding suggests that the contact force between the pericardium and the surface of the heart varies by region. However, the presence of a balloon in the pericardial space might itself alter these local forces. Therefore, if indeed there is regional variation in the force between the pericardium and the surface of the heart, a better approach to investigating this would use a technique that does not in and of itself alter local forces. Accordingly, the purpose of this study was to test the hypothesis that pericardial contact forces vary by region by demonstrating nonuniform regional variation in pericardial deformation during the cardiac cycle. If the material properties of the pericardium are uniform over different regions of the heart, as suggested by Lee et al,8 demonstration of nonuniform regional deformation of the pericardium would directly indicate regional variation of the contact forces. Further, if elimination of the contact between the pericardium and the heart abolishes the nonuniform regional pericardial deformation, this would also be proof of the presence of regional contact forces. To this end, rather than using balloons, we measured regional pericardial area over the right ventricle (RV) 
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At the completion of instrumentation, superior and diaphragmatic pericardial ligaments and remaining adipose tissue were left intact, and the chest was left wide open.
Experimental Protocol
Measurements of the electrocardiogram, pressures, and pericardial segment lengths were made under baseline conditions at an LV end-diastolic pressure of approximately 6 mm Hg. If the LV enddiastolic pressure was lower than 6 mm Hg, it was adjusted by infusing warmed 6% dextran solution in 0.9% saline. The respirator was temporarily turned off at end-expiration so that there was no contact between the lungs and the lateral surfaces of the heart during measurements. 5 After baseline measurements, dextran was infused with a pump (Masterflex, Cole-Parmer Instrument Co., Chicago) until LV end-diastolic pressure reached approximately 12 mm Hg (volume load 1) and then 18 mm Hg (volume load 2), and measurements were repeated during steady-state conditions. Blood was then withdrawn until LV end-diastolic pressure returned to approximately 6 mm Hg, and a second set of baseline measurements was made in a new steady state (i.e., pretamponade control). Then the effect of elimination of local contact between the pericardium and the heart on the pericardial deformation pattern was assessed by creating cardiac tamponade. To produce mild (tamponade 1) and moderate (tamponade 2) cardiac tamponade, volumes of warmed saline of approximately 90 and 160 ml, respectively, were infused into the pericardial space through the pericardial catheter. Finally, after a second blood withdrawal to reduce LV end-diastolic pressure to the baseline level, measurements were made before and immediately after cutting the pericardial diaphragmatic ligament to examine whether this ligament plays a significant role in generating the pericardial deformation pattern.
Data Analysis
Data were recorded on a pen recorder and also converted from analog to digital on a PDP 11/73 computer (DEC, Maynard, Mass.) at a sampling interval of 5 msec. End-diastole of each ventricle was defined as the time when positive dP/dt of the ventricle increased to 10% of its peak value.1°04' The beginning of ejection of each ventricle was defined as the time of peak dP/dt. End-systole of each ventricle was defined as the time 30 msec before peak negative dP/dt of that ventricle.'1 The atrioventricular pressure crossing point was defined as the time RA or LA pressure first exceeded RV or LV pressure, respectively, after peak negative dP/dt. The dimensional data during one cardiac cycle were analyzed based on the above seven timing landmarks: RV and LV end-diastole, RV and LV beginning of ejection, RV and LV end-systole, and atrioventricular pressure crossing. Under baseline conditions with an average RR interval of 561+± 126 (+SD) msec, the percentage of the RR interval between RV end-diastole and each landmark was as follows: LV enddiastole, 2.8+2.5%; LV beginning of ejection, 10.0±1.0%; RV beginning of ejection, 12.7+3.4%; RV end-systole, 48.4±6.6%; LV end-systole, 49.2±7.5%; and atrioventricular pressure crossing, 62.1±11.7%. Pericardial area was calculated as the product of the circumferential and longitudinal segment lengths divided by 2 to reflect the diamond-shaped area surrounded by the four crystals. To eliminate interindividual variation, pericardial areas were normalized to each baseline pericardial area value at RV end-diastole. All data were averaged over three beats during steadystate contractions. Statistics Hemodynamic and dimensional data among different conditions including baseline, volume load, cardiac tamponade, and before and after cutting the ligament were compared by repeated measures analysis of variance. When this indicated a significant difference among the conditions, the least significant difference method was used to determine the significance of difference between the conditions.'2 Comparisons of pericardial area among different time points within the cardiac cycle in each region under each hemodynamic condition were made by the same method. Values of p<0.05 were considered statistically significant. Data are presented as the mean-SD, unless otherwise indicated.
Results Table 1 summarizes hemodynamic and end-diastolic pericardial area data before and during volume loading and cardiac tamponade. Heart rate was little changed during interventions, except for cardiac tamponade 2, during which it increased significantly. Other hemodynamic variables changed as expected during both volume loading and tamponade. Figure 2 shows an example of recordings of LV and RV pressures and pericardial segments and areas in the baseline steady state. The circumferential and longitudinal pericardial segment lengths over the RV and RA did not show any consistent excursion patterns related to the orientation of the segment. However, RV and RA pericardial area recordings consistently showed a reciprocal relation. During ventricular ejection, RV pericardial area shrank, whereas RA pericardial area expanded. Figure 3 Figure 4 depicts average pericardial deformation data during one cardiac cycle under baseline conditions, volume loading, and cardiac tamponade. The upper and lower panels show RV and RA pericardial areas, respectively. Under baseline conditions, both RV (p =0.08) and RA (p<0.05) pericardial areas increased during the isovolumic contraction period (from RV end-diastole to the beginning of RV ejection). During RV ejection, the ventricular pericardium shrank significantly. In contrast, the atrial pericardium expanded significantly during RV ejection. During isovolumic relaxation (from RV end-systole to atrioventricular pressure crossing), there was no significant pericardial area change. Between the atrioventricular pressure crossing and RV end-diastole, that is, during the period of ventricular filling, RV pericardial area increased significantly while RA pericardial area decreased significantly, although the area changes during this period were not as obvious as during ejection in the examples in Figures 2 and 3 , because the dynamic patterns were more complex.
Group values under the other conditions were similar to those shown in Figure 3 . Thus, with volume loading, both ventricular and atrial end-diastolic pericardial areas increased significantly from the baseline values (Table 1) . Although RV pericardial shrinkage during RV ejection was maintained during volume loading, RA pericardial expansion during RV ejection virtually disappeared (Figure 4 ). In contrast, during cardiac tamponade, both ventricular and atrial area shrinkage during ejection was markedly attenuated. This is especially apparent when compared with volume loads 1 and 2, when end-diastolic pericardial areas were virtually identical to those present during tamponades 1 and 2 ( Figure 4 ). ejection, resulting in a synchronization of ventricular and atrial pericardial deformation. Figure 5 displays the dynamic changes in pericardial deformation as the relation between LV pressure and pericardial area during one cardiac cycle, that is, as LV pressure-pericardial area loops. These loops were constructed because they provide useful information about the timing of pericardial area changes during the cardiac cycle. Under baseline conditions and volume load 1, the LV pressure-pericardial area loop over the RV is very similar to a ventricular pressure-volume loop, suggesting that the RV pericardial area change corresponds to RV volume. In contrast, the RA loops rotate in the opposite direction, reflecting right atrial volume. Figure 6 shows the effect of cutting the diaphragmatic ligament on the pericardial deformation pattern. Cutting the ligament did not change heart rate or LV and RV pressures. Although RV pericardial area at RV end-diastole increased significantly after cutting (p<0.05), the basic pattern of RV and RA pericardial area deformation remained unchanged.
Pericardial area measured over the LV and LA showed deformation patterns basically similar to those over the right heart, although the magnitude of LV pericardial area shrinkage during LV ejection was smaller than that of the RV pericardium. In these two dogs, LV pericardial area shrank by 2.5% and 4.0% during the LV ejection period under baseline conditions. During this period, LA pericardial area increased by 16 Figure 7 . Therefore, to assess pericardial behavior in situ, pericardial stress or strain needs to be measured. One approach has been to measure pericardial surface pressure as an index of pericardial stress. Measurement of pericardial surface pressure in vivo has been made with either open-ended, fluid-filled catheters3,4 or flat balloons,5,6,9,17 although recent studies have shown that a flat balloon is more accurate than an openended catheter in the absence of a significant amount of pericardial fluid. 17 However, pericardial surface pressure may be imperfect as a measure of pericardial stress because it reflects pericardial stress only in the radial direction. Furthermore, the presence of the balloon itself may artifactually distort local stress and resultant strains.
Another approach is to measure pericardial strain from pericardial dimensions. Pericardial dimensions have been assessed in both in vitro8"14'5"18 and in vivo9 studies. However, all of these studies assessed static8'14'15'18 or end-diastolic9 properties rather than the dynamic behavior of the pericardium. In contrast, the present study has assessed the dynamic behavior of the pericardium in vivo throughout the cardiac cycle. Furthermore, this study has also assessed regional varia- In relation to pericardial area excursion, several reasons for the decrease in RV pericardial area shrinkage after volume load 2 ( Figure 3 , Table 2 ) can be proposed. The first is that during marked volume loading, the increase in RV end-systolic volume exceeded the increase in RV end-diastolic volume, resulting in decreases in both RV stroke volume and pericardial area excursion. The second possibility is that at higher filling conditions, the pericardium becomes too stiff to demonstrate much dynamic motion because of the nonlinear stress-strain relation ( Figure 7) . The The dynamic deformation of the local pericardium could have potential physiological significance in ventricular filling and ejection mechanics in terms of atrioventricular mechanical coupling, especially in the low-pressure chambers such as the RV and the atria. At the time of atrioventricular pressure crossing, that is, the beginning of ventricular filling, the local pericardium over the atrium is maximally stretched under normal conditions (Figure 4 ). This stretched local pericardium may facilitate atrial emptying or ventricular filling by its elastic force. The ventricular pericardium would impede ventricular filling least during early diastole, because it is minimally stretched at the time when ventricular filling begins, and might prevent overfilling of the ventricle near end-diastole by means of its elastic force. On the other hand, the ventricular pericardium is maximally stretched at the time of beginning of ventricular ejection. The potential energy stored in the elastic pericardium may facilitate, in turn, ventricular ejection, particularly that of the RV, in which the systolic developed force is much smaller than that in the LV. Thus, the dynamic behavior of pericardial deformation suggests that the influence of the pericardium on ventricular filling and ejection mechanics may be more complex than previously recognized, varying both by chamber and dynamically over the course of the cardiac cycle. Furthermore, the pericardium may affect atrioventricular coupling not only through a steady-state mechanism,19 but also through a dynamic mechanism. Further study will be needed to elucidate the dynamic nature of the role of the pericardium in ventricular and atrial filling and ejection mechanics.
Another point of physiological relevance of the present study is that if regional contact forces between the pericardium and the heart vary by region, the external pressure around the heart cannot be represented by a single number measured at a single site (with the pericardium intact). This is also the conclusion of the study by Hoit et al.7 Thus, the concept of the transmural filling pressure may be much more complicated than the usual thinking, based on the assumption of a global, uniform pericardial surface pressure, would suggest.
